ABSTRACT Flywheel motor topology was analyzed, and a main performance optimization model and stator/rotor core loss optimization model were provided. Then, an adaptive kriging surrogate model based on the MaxPro design (AKMMP) was used, improving the optimization precision and efficiency. Based on these preliminary outcomes, a stepwise optimization design method of flywheel motor based on AKMMP was proposed. The brief design process includes five steps: 1) initial structure of the flywheel motor: outer rotor, 16 poles/18 slots, double layer concentrated winding, inclined shoulder flat bottom slot, water cooling, and F grade insulation; 2) first step optimization: performance optimization using AKMMP to obtain the performance Pareto solution set; 3) according to the performance of a flywheel motor, selection of the suitable case from the performance Pareto solution set; 4) second step optimization: further optimization of the stator/rotor core loss for the case obtained before using AKMMP, and; 5) creation of the final optimization design structure. Then, complete the flywheel motor design by the stepwise optimization design method. Finally, the prototype of the flywheel motor was produced, and performance testing was performed.
I. INTRODUCTION
The research of the integrated starter generator (ISG) technology is mainly in the automotive field [1] , [2] . In aviation, the ISG system is usually used in the turbofan engine to reduce the weight and improve the performance [3] , [4] , but seldom in the piston engines, especially the compression ignition heavy fuel aero piston engine (CHFAPE). The weight reduction for the CHFAPE is always a challenge [5] . The paper has made some efforts in weight reduction by designing the integration of starter, generator and flywheel called as the flywheel motor. The Permanent magnet synchronous motor (PMSM) is a good choice for flywheel motors because of high efficiency, power density and reliability.
The traditional design process of the PMSM is to determine the rated working condition, and then to calculate whether the steady-state performance of the PMSM satisfies the design goal by using the magnetic circuit method [6] . The advantages of magnetic circuit method are fast calculation speed and high efficiency. However, due to the extensive use of empirical formulas, the results obtained by the magnetic
The associate editor coordinating the review of this manuscript and approving it for publication was Marko Beko. circuit method are of low accuracy and difficult to meet higher requirements [6] .
The finite element method (FEM) has a high accuracy in motor design, but it has a huge amount of calculation in engineering. Therefore, in order to ensure the design speed and accuracy, magnetic circuit calculation and FEM can be coupled [6] . There are different ways of combination with the magnetic circuit calculation and FEM. Some scholars use the magnetic circuit calculation method to obtain the initial design results, and then use the FEM to modify the results, and the satisfactory design results are obtained after iteration [7] . However, the method highly depends on the accuracy of the magnetic circuit model. If the accuracy of the model is low, the number of iterations of the finite element method will increase and the amount of calculation will increase [8] - [10] . Other scholars directly used the FEM to modify the parameters of the magnetic circuit model, so as to obtain a high-precision magnetic circuit model, and then use the modified magnetic circuit model to design the motor [11] - [13] . Kano et al. [14] used the FEM to directly calculate the flux characteristics of the motor, and then used the analytical formula to optimize the design. Thus, the combination of magnetic circuit calculation and finite element method partly alleviates the contradiction between efficiency and accuracy, but the effect is very little.
In recent years, with the introduction of surrogate model, this contradiction has been greatly improved. Silva et al. [15] proposed a decomposition-based proxy model multi-objective evolutionary algorithm to design motors. Li et al. [16] proposed a new multi-objective optimization algorithm based on the Kriging model to optimize the senseless permanent magnet motor with the effective and efficient results. Zhang et al. [17] established an efficient design method with the process of obtaining test samples by uniform sampling technology, constructing interpolation function by Kriging model, and optimizing by genetic algorithm. The genetic algorithm and the Kriging model based on the Latin square test are used to optimize the hub PMSM in a wide speed range, and the results are remarkable [18] . Xiao et al. [19] suggested a hybrid Kriging model with the function of dealing with large-scale multivariable optimization tasks efficiently and reliably.
In conclusion, the single optimization model cannot meet the design requirements of high performance motors. An adaptive Kriging surrogate mode (AKMMP) [20] based on MaxPro design is proposed. Based on the AKMMP, a multi-objective optimization algorithm is designed to accelerate the convergence of the surrogate model towards the optimal solution in the iteration process.
However, the flywheel motor is a new special motor, there are no reference design prototype. Therefore, there are many parameters such as the main structure size and internal structural parameters should be designed, and these parameters are coupled with each other, which complicates the optimization design.
In order to minimize convergence problems and speeding up computation for such complex optimization design, Alamo et al. [21] proposed a multi-step optimization approach, which used to design preventive control to achieve a secure power system operating point. And Heinig et al. [22] also used the two steps (pathfinding and floor planning) optimization approach to design a digital electronic systems, which get good results.
In this paper, the optimum design of flywheel motor was divided into two steps to simplify the optimization model, and an optimal design method based on AKMMP is used.
II. DESIGN ANALYSIS AND PERFORMANCE CALCULATION OF FLYWHEEL MOTOR A. OVERALL STRUCTURE OF FLYWHEEL MOTOR
The overall structure of the flywheel motor is shown in Fig. 1 , including the motor body (1), stator connecting plate (2) and rotor connecting plate (3). In the design process, aluminum alloy of good thermal conductivity and low density is considered because of water cooling and weight reduction for (2) . For (3), it not only transfers torque through friction, but also overcomes centrifugal force produced by high-speed rotation, so the material requirements are relatively high. For flywheel motor, from the point of view of weight reduction, the moment of inertia should be concentrated on (1), while the lightweight and high strength materials should be used as far as possible for (3) . Carbon fiber is a good choice. It has been widely used in flywheel energy storage [23] - [25] , clutch friction plate [26] and transmission shaft [27] . TABLE 1 compares the properties of common composite materials and metal materials. It can be seen that the specific strength of carbon fibers is nearly 7 times that of steel, the specific modulus is about 4.5 times that of steel, and the density of carbon fibers is only about 1/5 of that of steel.
The part (1) is the key, and the flywheel motor is just the motor in the paper.
B. INITIAL DESIGN OF FLYWHEEL MOTOR
Traditional motors require fast dynamic response and small rotor inertia [28] , while flywheel motors require sufficient rotor inertia. Therefore, external rotor and small aspect ratio permanent magnet (PM) motors are preferred. The external rotor motor makes it possible to increase the number of turns in each phase, larger available area for stator slots, which results in increased the torque density and elevating efficiency [29] , [30] . It also has the advantages of simple surface mounted magnetic circuit, When rotating at high speed, the centrifugal force strengthens the bonding strength VOLUME 7, 2019 between the PM and the rotor, and eliminates the reinforcement measures for the PM.
Fractional slot concentrated winding can improve electromotive force (EMF) waveform, shorten the end length of invalid winding, reduce winding weight and resistance, and improve the power density and efficiency of motor [31] - [33] . The topological structure of the flywheel motor is shown in Fig. 2 . D i2 , D o2 is the rotor inner and outer diameter respectively, D i1 , D o1 is the stator inner and outer diameter respectively. Usually for external rotor motors, the armature diameter D a refers to the stator outer diameter D o1 .
C. FEM MODELING
The half of physical model was used to calculate the performance of the flywheel motor to cut the cost due to the symmetry. Fig. 3 is a two-dimensional finite element mesh generation chart. There are about 14,000 high-quality grids, which can take account of both accuracy and efficiency.
In general, the potential function, which includes magnetic vector A and magnetic scalar, is used to calculate the electromagnetic field of the motor. It follows that the electromagnetic field problem in the plane field can be expressed as, [28] 
where ζ is magnetoresistance, A is the magnetic vector, J z is the source current density of the Z axis component, H t is the magnetic field intensity tangential component, 1 is the first type boundary, and 2 is the second boundary. 
III. OPTIMIZATION DESIGN METHOD
The copper loss of the winding is,
Where m is number of phases, I 1 is phase current, S slot is area per slot, S f is spacer factor, L coil is winding length per turn, A 1 is electric load, q is number of slots per pole per phase, p is number of pole-pairs, ρ coil is copper wire density, R is phase resistance. When the size and interval factor of the flywheel motor are determined, the copper loss is quadratic with the current and directly related to the heat dissipation. Improving the heat dissipation ability of flywheel motor is the main way to improve the torque density of flywheel motor.
The no-load back EMF increases linearly with the increase of turns in each stage, as follows, E 0 = 4.44fK dp N 10 K
where f is the alternating frequency of magnetic field, K dp is the winding factor, 10 is the air gap fundamental wave flux when there is no load, and K is the air gap flux waveform coefficient. It can be concluded that if the size, spacer factor, electric load and current density are determined, the increase of the number of winding turns can increase the design voltage of the flywheel motor without affecting the torque density and the distribution of efficiency.
In the initial design, the electrical load, current density, air gap length and spacer factor can be set first, the main body size is obtained by optimizing the D a , L ef , b Nd (PM width), k r (rotor split ratio) and k s (stator split ratio) parameters, then the actual winding turns are selected according to the designated voltage of the flywheel motor.
The stator slot parameters, the size of PM structure and air gap directly affect the core loss. It is necessary to optimized them to further reduce core loss and improve efficiency when determining the main structural parameters of flywheel motors.
Because of the concentrated windings and fractional slots of high speed PM motor, the rotor eddy current loss can't be ignored. Scholars have developed various methods to reduce the rotor eddy current loss [34] , [35] . By optimizing the stator structure, slot opening and air gap length, the rotor eddy current loss can be effectively reduced [36] .
Therefore, the design process is divided into two steps: the first step is to optimize the main structure(D a , L ef , k r , k s , b Nd ) size of the flywheel motor, get Pareto front solution set, and then select the appropriate design scheme according to the performance; the second step is to optimize the internal structure (h 01 , b 01 , α 1 , h Airgap , h Nd , b Nd ) reduce the stator/rotor core loss, and get the final optimization results.
A. OPTIMIZATION MODEL ANALYSIS 1) MAIN PERFORMANCE OPTIMIZATION MODEL
The maximum electromagnetic torque (T emMax ) is shown below,
where, the current density and the filling ratio are certain, and the torque is only related to D a , L ef and B 1 . B 1 is mainly related to the size of the PM, the air gap, rotor split ratio and stator split ratio. When D a and L ef are determined, the torque density of the flywheel motor can be improved by increasing B g1 as far as possible. When the topology of the flywheel motor is determined, the diameter of the armature (D a ), the axial effective length (L ef ) of the motor, the PM width (b Nd ), the PM thickness (h Nd ), the air gap length (h Airgap ), the rotor split ratio (k r ) as shown in the formula (5) and the stator split ratio (k s ) as shown in the formula (6) are the parameters to define the main structure size.
At a certain speed, the torque density (k f ), mass (m f ) and moment of inertia (I f ) are the main performance indicators for the initial design of flywheel motors.
Setting the electric load A 1 = 680A/cm, current density J f = 12A/mm 2 , spacer factor S f = 70%, and air gap length h Airgap = 1.5mm, and to concentrate the moment of inertia on the rotor of the flywheel motor as far as possible I f ≥ 0.12kg·m 2 , then the optimization model of the flywheel motor performance is shown as, 
2) OPTIMIZATION MODEL OF CORE LOSS
The core loss of the flywheel motor is mainly included within stator core loss (P st ) and rotor eddy current loss (P rt ). The internal structure parameters that affect the stator/rotor loss of flywheel motors include stator slot parameters (h 01 , b 01 , α 1 ), air gap length (h Airgap ), and PM parameters (h Nd ,b Nd ). The optimization model of the stator/rotor loss of the flywheel motor is established in this paper, as shown,
where x = h Airgap , h 01 , b 01 , b Nd , h Nd , α 1 , and x 1 i and x 2 i are the lower and upper limits of the design parameters.
Considering the limitations of the structural size, mechanical strength and spacer factor (70%) of flywheel motors, the design parameter limits are shown in TABLE 3. 
B. ADAPTIVE KRIGING SURROGATE MODEL BASED ON THE MaxPro DESIGN (AKMMP)
The AKMMP has been presented [20] to improve the optimization precision, reduce the amount of calculation and improve the efficiency. The main characteristics are as follows: (1) MaxPro experimental design is used to obtain high quality initial samples to prevent local convergence; (2) An adaptive Kriging model is used to make the optimal solution set tend to the optimal solution region in the optimization process. The specific implementation process is shown in Fig. 4 . The process is as follows:
(1) Using MaxPro test design to obtain high-quality initial samples;
(2) The Kriging model is used to fit the surrogate model between the design parameters to the optimization target; (3) Based on the obtained proxy model, the non-dominated sorting genetic algorithm (NSGA-2) is optimized by the elite strategy, and the approximate Pareto frontier optimization solution set is obtained; (4) The k * correction points are selected from the Pareto optimization solution, Relative Maximum Absolute Error (RMAE) and Relative Average Absolute Error (RAAE) are used to check the accuracy; (5) If the accuracy is not satisfied, then the correction point is added to the sample to form a new sample, and the Kriging surrogate model is fitted and optimized again; (6) If the accuracy is satisfied, the correction point is added to the sample, the final Kriging surrogate model is fitted, and the final Pareto optimal solution set is obtained after optimization.
1) MAXPRO DESIGN
The MaxPro design is used to obtain high quality initial samples and ensure that the minimum number of samples can express the relationship between the design parameters and the design target, which can prevent the local convergence of the optimization algorithm.
The main feature of the MaxPro design is not that of the equidistance distribution, but that it tends to the boundary as far as possible. The MaxPro design has a better performance when the dimension is greater than two.
The principles are as follows [37] :
where
2) KRIGING SURROGATE MODEL Presently, common surrogate modeling methods include polynomial regression, nonparametric regression, neural networks and the Kriging model. For nonlinear function (14) , the contrast diagrams obtained by fitting using Kriging model, response surface model, nonparametric regression model and neural network are displayed as Fig. 5 . It can be seen that the polynomial regression method has the worst accuracy and cannot follow the target; the nonparametric linear regression method can follow the global target, but the local precision is worse; the neural network method is better than the previous two methods, although the accuracy is reduced in some regions; and the data predicted by the Kriging model coincide with the original data and demonstrate the highest accuracy.
FIGURE 5. Prediction curves with different surrogate models.
Among these methods, the Kriging model includes the global model and the local error [38] , as shown in (15), possesses good global approximation and error estimation ability and is suitable for nonlinear problems [39] .
where x is design parameters, y (x) is the response function, f (x) is the global approximate model of polynomial response surface, and z (x) is local error.
3) CORRECTION POINT SELECTION
The correction point is selected from the Pareto solutions domain after each optimization, which ensures that the correction point tends to the optimal solution domain. The principle of minimum maximum selection is also used to obtain the correction point, such as in (16), which ensures that the correction point is more widely distributed in the Pareto solution set. Thus, the self-adaptive ability of the Kriging surrogate model is realized.
where x i is the i th non-dominated solution set, i = 1, 2, · · · , n p ; y i is the j th sample, j = 1, 2, · · · , n p , and k * is the number of correction points.
4) OPTIMIZATION ALGORITHM PERFORMANCE COMPARISON
The test functions are ZDT1 and ZDT3 of the multidimensional continuous and discontinuous convex functions mentioned in the reference by Deb [40] . The efficiency and accuracy of the proposed optimization algorithm and the traditional optimization algorithm are compared.
min:
where n = 3, 4, 5 in (17), n = 5 in (18). Different experimental designs and surrogate models were used, including polynomial regression-CCD (Central Composite Design), neural network-CCD, Kriging-CCD, Kriging-MaxPro, AKMMP, and using NSGA-2 to solve the test functions (ZDT1-3( 3 dimensions of ZDT1), ZDT1-4 (4 dimensions of ZDT1), ZDT1-5(5 dimensions of ZDT1) and ZDT3-5(5 dimensions of ZDT3)) to obtain the Pareto frontier, respectively, which is shown in Fig. 6 . The samples number and the results accuracy are shown in the TABLEs 4-7. For the continuous convex function ZDT1 of different dimensions, the fitting and optimization precision of Kriging is slightly higher than that of the neural network and VOLUME 7, 2019 polynomial regression models at the same number of samples. With comparison of CCD, the MaxPro experimental design has higher optimization precision. The AKMMP is the method of the best accuracy with the least samples. Furthermore, the higher the dimension, the more obvious the advantage of AKMMP.
For the 5-D discontinuous convex function ZDT3, when the number of samples is 6,000, the precision deviation of the optimization results of the first four models is large. The number of samples is only 160 by using the AKMMP model with good optimization accuracy, and the RMAE and RAAE are both below 0.03. It can be observed that the results of AKMMP tend to the real Pareto frontier in Fig. 6 (d) .
C. STEPWISE OPTIMIZATION DESIGN BASED ON AKMMP
According to the previous analysis, this paper proposes a stepwise optimization design method based on AKMMP, as shown in Fig. 7 . Its main features are:
1) The surrogate model, which solves the contradiction of the poor accuracy with the analytical formula and the lower efficiency with the finite element method (FEM) in the traditional design;
2) There are two steps in the design process of the flywheel motor. The first step is to optimize the main structural parameters to obtain the optimized main performance. The second step is to further optimize the inner structural parameters to reduce the stator/rotor core loss. The two-step design can reduce the sample dimension and complexity of the surrogate model, thus improving the design efficiency.
3) In the two-step optimization process of the flywheel motor, the NSGA-2 optimization algorithm based on AKMMP is adopted to further improve the design efficiency and accuracy.
The brief optimization process includes six steps: 1) Initial structure of the flywheel motor: outer rotor, 16 poles/18 slots, double layer concentrated winding, inclined shoulder flat bottom slot, water cooling and F grade insulation;
2) First step optimization: performance optimization using AKMMP and acquisition of the performance Pareto solution set;
3) According to the performance of the flywheel motor, selection of the suitable case from the performance Pareto solution set; 4) Second step optimization: optimization of the rotor/stator core loss for the case obtained as before using AKMMP; 5) Selection of the optimized design asB g1 = B * 1 and performance verification; 6) If the requirement is satisfied, the final optimal design scheme will be output; otherwise, the optimal design scheme will be reselected by returning to (3).
IV. OPTIMAL DESIGN
When designed, the motor body is considered, the design specifications of the flywheel motor are shown in the TABLE 8. The flywheel motor structure was determined: outer rotor, 16 poles/18 slots, double layer concentrated winding, slanting shoulder bottom groove, water cooling and F grade insulation.
Then, the detailed dimension of the initial design shows as TABLE 9 The performance of initial design shows as TABLE 10, and the magnetic field nephogram shows as Fig.8 . It shows that the efficiency is only 88.2% at rated working condition. 
A. FIRST STEP OPTIMIZATION
The initial samples of 45 are obtained by using the MaxPro design, the number of correction points is 10, the number of non-dominant solutions is 200, the number of iterations is 500, and the convergence criteria is,
where RMAE is the relative maximum absolute error and RAAE is the relative average absolute error. Fig. 9 shows that the RMAE and RAAE of the output parameters are less than 0.1 at the fourth generation. The algorithm converges, the samples are only 85. Fig. 10 shows the Pareto frontier solution set obtained by using NSGA-2. Ten optimization cases of different quality were selected from the Pareto frontier solution set that is shown as the red star in Fig. 10 , and the design parameters and target values are shown in TABLE 11. FEM was used to verify the accuracy of the optimization algorithm, and 10 cases were discussed. The result errors are shown in the TABLE 12, and the maximum error is less than 3%. VOLUME 7, 2019
B. PERFORMANCE ANALYSIS OF THE FIRST STEP OPTIMIZATION
According to the design requirements, case 6 was selected, and the turn number was 2 in the paper. The detailed dimension of case6 shows as TABLE 13, and the magnetic field nephogram shows as Fig.11 . The performance of the first step optimization design shows as TABLE 14. It shows that the quality decreases while the starting torque is guaranteed at the same current after the first step optimization. In addition, the efficiency is improved to 92.7% at rated working condition. The A phase voltage FFT at 4000 r/min is shown in Fig. 13 . The phase voltage is 55.6V, and the voltage sine distortion rate is 7.8%. When at no load case, Fig. 14 is the curve of rotor core loss and stator core loss changes with the rotational speed. Both rotor core loss and stator core loss increase rapidly with the rotational speed, especially the rotor core loss with about 1000W ate 4000 r/min. 
C. SECOND STEP OPTIMIZATION
It is similar to the first step, and the number of non-dominated solutions is set to 300. Fig. 15 shows the convergence process, and RMAE and RAAE are both less than 0.1 when in the fourth iteration. It can be seen from The final Pareto frontier was obtained by using NSGA-2 optimization algorithm shown in Fig. 17 . Four optimization cases were selected from the Pareto front surface with different strategies shown in Fig. 17 by the red star, and the specific scheme is shown in TABLE 15. FEM was used to verify the four optimized design cases, and the result errors are shown in TABLE 16; the maximum absolute errors of P st and B g1 are both less than 0.5%, and the maximum absolute error of P rt is less than 3.5%. The case 1 shows an unacceptable value of 2.3kW for the rotor loss when the maximum air gap magnetic density was chosen as the priority optimization objective. While the stator loss is only 347.72W and the air gap flux density fundamental wave value is only 1.01 T by choosing the minimum stator loss as the priority optimization objective. In case 2, the minimization of the rotor loss is chosen as the priority optimization objective. The result shows a smaller stator loss and a moderate value of the air gap flux density fundamental wave value which is passable but not good. The expected value for the air gap magnetic density fundamental wave should be 1.07 T as shown in case4. The stator loss is 370.56W and rotor loss is only 122.67W, both of them are good. Fig. 18 is a comparison diagram of the rotor loss and stator loss changes with the rotational speed before and after optimization. The rotor loss decreases from 1000 W to 120 W at 4000 r/min, and the stator loss decreases from 500 W to 476 W. 
D. VERIFICATION BY FEM
The final design parameters of the flywheel motor are shown in the TABLE 17, the magnetic field nephogram shows as Fig.19 . The performance of the flywheel motor is shown in TABLE 18. It shows that the efficiency is improved to 95.8% at rated working condition because of the reduced of the rotor loss while other properties have not changed much.
Considering the stator connecting plate and rotor connecting plate, Fig. 20 shows the three-dimensional diagram of the flywheel motor composed of the stator and rotor parts. The stator contains the stator connecting plate, the stator core and winding (not shown in the figure) ; the rotor parts mainly contain PM, rotor cores and rotor connecting plate. And the mass is 20.98 kg, the rotary inertia is 0.158 kg·m 2 .
Considering only copper loss, stator core loss and rotor core loss, the flywheel motor efficiency MAP is obtained by simulation testing at different speeds and torques. As shown in Fig. 21 , the high efficiency (efficiency > 80%) region is above 85%, and the maximum efficiency is 97%.
The torque angle curve and winding temperature rise curve of the flywheel motor are shown in Fig. 22 when the rotational speed is 100 r/min and the phase current is 805 A. When the torque angle is 90 degrees, the maximum output torque of the flywheel motor is 160 N·m and the temperature rise up to 100 • C at 141 second. The power and efficiency curves at different load currents are obtained by simulation, as shown in Fig. 25 (a) . The peak power is 47.5 kW and the efficiency is 95.8% when the power is 20 kW, while the steady-state temperature rise of the winding is 56.8 • C.
V. PROTOTYPE FLYWHEEL MOTOR PRODUCTION AND VERIFICATION TEST
In this paper, the performance of the designed flywheel motor is verified by prototype test shown in the Fig. 26 . The flywheel motor is directly mounted on the crankshaft of the engine, and the engine can be used as the load of the flywheel motor at start-up or as the prime mover of the flywheel motor when it generates electricity. The actual test bench is shown in Fig. 27 . used to realize commutation control of the flywheel motor, the accelerator signal is used as the control input of the flywheel motor, and the open-loop control of flywheel motor current is realized by PWM circuit. The PWM modulation frequency is 15 kHz, the input voltage of the accelerator is 0.5-4.5 V, and the digital signal generator is used to simulate the accelerator signal.
Limited by the test conditions, the engine start test and noload characteristics test are completed in the paper.
A. ENGINE START-UP TEST
Before the start-up, the relationship between the accelerator signal of controller and engine speed and start-up current was elucidated by an engine drag test. During the test, a 48 V battery (capacity 200 Ah, maximum discharge current 1200 A) was used and the engine did not inject the fuel.
When the accelerator signal is 1.85 V, the flywheel motor can continuously drag the engine to rotate, the average rotational speed has reached 175.4 r/min, and its current waveform is shown in Fig. 29 (yellow: U, purple: W, blue: V). The curves of the speed and maximum phase current of the flywheel motor with the accelerator signal were obtained, as shown in Fig. 30 . The speed increases linearly with the increase of the accelerator signal; the maximum phase current decreases first, then increases, and finally tends towards stability with the increase of the accelerator signal, and the phase current values are all within 800 A.
Engine start-up testing was then carried out with different accelerator signals to verify the start-up performance of the 31 shows the start-up time and start-up power curves when the accelerator signal increases during engine startup. The start-up power increases slowly with the accelerator signal, and rapidly when the start-up power is greater than 2 V. The start-up time first decreases rapidly and then decreases slowly after 1.9 V. The start-up time is only 0.42s at 1.9V of the accelerator signal. The required power is 3.8 kW, and the start-up performance is obviously better than that of the traditional starter with 2s [41] .
B. NO-LOAD CHARACTERISTIC TEST
As the prime mover, the engine drives the flywheel motor to the target speed. An oscilloscope, shown as Fig. 32 , which displays the phase voltage waveforms at selected different speeds, records the no-load phase voltage. Fig. 33 , Fig. 34 and Fig. 35 represent the respective no-load voltage FFTs at 1000 r/min, 2000 r/min and 4000 r/min, showing good sinusoidal properties and sinusoidal distortion rates controlled to within 5%. Compared with FEM calculation values, the error of sinusoidal distortion rates is less than 10%, which is shown in TABLE 19 . Fig. 36 shows the comparison curve of no-load phase voltage change with the rotational speed obtained by the FEM and experiment. The results show that the phase voltage increases linearly with the rotational speed. With the increasing of speed, the test value is smaller than the FEM value of the phase voltage, the iron loss, eddy current loss, and the engine cylinder temperature increase, the PM temperature rises, the working point and phase voltage decrease. The maximum relative error between FEM and the experimental value is 5.3%, which meets the design accuracy requirement. Because of the poor prototype manufacture precision, the error between FEM and the experimental value are slightly larger, which should been improved in the next prototype manufacture.
VI. CONCLUSION
Compared with the traditional optimization algorithm for non-linear discontinuous problems, the multi-objective optimization algorithm NSGA-2 based on AKMMP has higher accuracy and efficiency. It takes 170 samples to complete the design of flywheel motor by step optimization method, and the error of optimization result is less than 3.5%. The prototype of flywheel motor is manufactured. The performance test shows that the flywheel motor designed by this method meets the design requirements.
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